A Novel Salt Bridge Mechanism Highlights the Need for Nonmobile Proton Conditions to Promote Disulfide Bond Cleavage in Protonated Peptides Under Low-Energy Collisional Activation  by Lioe, Hadi & O’Hair, Richard A.J.
A Novel Salt Bridge Mechanism Highlights
the Need for Nonmobile Proton Conditions
to Promote Disulfide Bond Cleavage
in Protonated Peptides Under Low-Energy
Collisional Activation
Hadi Lioea,b and Richard A. J. O’Haira,c
a School of Chemistry, University of Melbourne, Melbourne, Australia
b Bio21 Institute of Molecular Science and Biotechnology, University of Melbourne, Melbourne, Australia
c ARC Centre of Excellence in Free Radical Chemistry and Biotechnology
The gas-phase fragmentation mechanisms of small models for peptides containing intermo-
lecular disulfide links have been studied using a combination of tandem mass spectrometry
experiments, isotopic labeling, structural labeling, accurate mass measurements of product
ions, and theoretical calculations (at the MP2/6-311  G(2d,p)//B3LYP/3-21G(d) level of
theory). Cystine and its C-terminal derivatives were observed to fragment via a range of
pathways, including loss of neutral molecules, amide bond cleavage, and S–S and C–S bond
cleavages. Various mechanisms were considered to rationalize S–S and C–S bond cleavage
processes, including charge directed neighboring group processes and nonmobile proton salt
bridge mechanism. Three low-energy fragmentation pathways were identified from theoretical
calculations on cystine N-methyl amide: (1) S–S bond cleavage dominated by a neighboring
group process involving the C-terminal amide N to form either a protonated cysteine
derivative or protonated sulfenyl amide product ion (44.3 kcal mol1); (2) C–S bond cleavage
via a salt bridge mechanism, involving abstraction of the -hydrogen by the N-terminal amino
group to form a protonated thiocysteine derivative (35.0 kcal mol1); and (3) C–S bond
cleavage via a Grob-like fragmentation process in which the nucleophilic N-terminal amino
group forms a protonated dithiazolidine (57.9 kcal mol1). Interestingly, C–S bond cleavage by
neighboring group processes have high activation barriers (63.1 kcal mol1) and are thus not
expected to be accessible during low-energy CID experiments. In comparison to the energetics
of simple amide bond cleavage, these S–S and C–S bond cleavage reactions are higher in
energy, which helps rationalize why bond cleavage processes involving the disulfide bond are
rarely observed for low-energy CID of peptides with mobile proton(s) containing intermolec-
ular disulfide bonds. On the other hand, the absence of a mobile proton appears to “switch on”
disulfide bond cleavage reactions, which can be rationalized by the salt bridge mechanism.
This potentially has important ramifications in explaining the prevalence of disulfide bond
cleavage in singly protonated peptides under MALDI conditions. (J Am Soc Mass Spectrom
2007, 18, 1109–1123) © 2007 American Society for Mass SpectrometrySide chain cleavage reactions can compete with,and sometimes dominate over, sequence ion for-mation in the tandem mass spectra of protonated
[1, 2] and deprotonated [3] peptides. Given that over
300 post-translational modifications (PTM) had been
identified [4], these reactions can greatly help identify
post-translationally modified residues via the loss of
diagnostic small molecules. For example, the losses of
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doi:10.1016/j.jasms.2007.03.003H3PO4 [5] and CH3SOH [6, 7] in the MS/MS of proton-
ated peptides are indicators of phosphorylation and
methionine sulfoxide formation, respectively. Progress
has been made in understanding the factors that govern
these reactions through a combination of mechanistic
studies [1, 2, 6, 8] and interrogation of databases of
tandem mass spectra [7]. Several different types of
mechanisms may operate depending on the structure
and properties of the peptide. For example, studies on
simple derivatives of O-phosphoserine reveal that
H3PO4 loss can occur via the following: charge directed
neighboring group process (path A of Scheme 1, X 
H2PO4); and charge remote internal elimination reac-
tion to form a dehydroalanine residue (path B of
Scheme 1, XH2PO4) [8]. These different pathways can
Published online April 26, 2007
r Inc. Received February 22, 2007
Revised March 8, 2007
Accepted March 9, 2007
1110 LIOE AND O’HAIR J Am Soc Mass Spectrom 2007, 18, 1109–1123be experimentally distinguished via deuterium labeling
studies, and theoretical calculations provide information
on the relative energies of the potential energy surfaces of
these reactions. For example, in O-phosphoserine, when
all exchangeable hydrogens are replaced by deuterium,
D3PO4 is lost, indicating that the neighboring group
process operates. Theoretical calculations also confirm
that the barrier to the neighboring group process is
lower in energy.
Another interesting class of side-chain cleavage re-
actions involving PTM is disulfide bond cleavage. Un-
like O-phosphoserine and methionine sulfoxide, how-
ever, disulfide bond cleavage is generally not readily
observed under low-energy CID conditions, hindering
the identification of primary structure of peptides,
especially if the peptide is contained within the disul-
fide loop [9]. Although there has been considerable
interest in developing methods to target and cleave
disulfide bonds in peptides [10–14], remarkably little
work has been carried out to establish what factors
govern disulfide bond cleavage, (which can either in-
volve S–S or C–S bond cleavage), in the low-energy CID
spectra of protonated peptides. It has been noted by
Jones et al. [15] and McLuckey [16] that the abundance
of disulfide bond cleavage is dependent on the number
of charges on the peptide. For example, the [M  4H]4
and [M 5H]5 ions of insulin exclusively fragment via
peptide bond cleavage, whereas the [M  H] ion
fragments via competitive disulfide bond cleavage and
C-terminal glutamic acid amide bond cleavage [16].
Thus, the absence of a mobile proton [17, 18] appears to
facilitate disulfide bond cleavage. The mechanistic fea-
tures of these bond cleavage reactions have not been
well established, although we were intrigued by a
recent report [19], which proposed that S–S bond cleav-
age leads to the formation of a sulfenylium ion (R-S)
and that C–S bond cleavage forms the R-S-S product
ion. Given that RS cations are not very stable [20], the
formation of cyclic product ions via neighboring group
processes [6] seemed more likely.
Here we investigate disulfide bond cleavage reac-
tions in small models for peptides containing intermo-
Scheme 1lecular disulfide links under conditions of low-energycollision induced dissociation (CID). A combination of
physical organic chemistry tools was utilized, including
isotopic labeling, structural labeling, accurate mass
measurements of product ions, and DFT calculations.
The latter provide insights into the fragmentation
mechanisms of S–S and C–S bond cleavage reactions.
Various mechanisms for S–S and C–S bond cleavage
reactions were interrogated and their relative likelihood
of occurring was determined via a comparison of the
energetics associated with the reactions coordinates for
the model system, cystine N-methyl amide. Finally, the
energetic requirement to cleave the disulfide bonds of




The disulfide bond cleavage reactions were studied using
model systems of cysteine (Cys), cysteine derivatives
(CysOMe, CysNHMe, AcCys, NMeCys, AcCysOMe, Ac-
CysNHMe, AcCG), and cysteine-containing small pep-
tides (CG, GC, GCG, GGC, GSSG). All reagents were also
used as supplied: Cys, CysOMe, AcCys, (AcCysOMe)-2,
and GSSG were purchased from Sigma-Aldrich
(St. Louis, MO); CG, GC, GCG, and GGC were pur-
chased from BaChem (Bubendorf, Switzerland); and
D2-cysteine [H2NCH(CD2SH)CO2H (98% D)] was ob-
tained from Cambridge Isotope Laboratories. N-methyl
cysteine was available from a previous study [21].
Modifications of Cysteine and Cysteine Derivatives
N-acetylation and O-methyl esterification of cysteine deriva-
tives. We have used the general procedure for N-
acetylation and O-Methyl esterification of amino acids
and peptides [22].
N-methyl amidation of cysteine and cystine derivatives. We
have used the method of Feenstra et al. [23] for methyl
amidation of cysteine and cystine derivatives from the
methyl ester. Briefly, 2 mg of the methyl ester of
cysteine and cystine derivatives were dissolved in 1 mL
of 30% aqueous CH3NH2 solution and the reaction was
allowed to proceed at room temperature for 30 min. The
mixture was dried by freeze drying, dissolved in 50%
CH3OH/50% H2O containing 0.1 M acetic acid, and
then lyophilized again. The methyl amide was used
without further purification.
Oxidation of Cysteine Derivatives
to Cystine Derivatives
Individual solutions of peptide containing cysteine res-
idue were auto-oxidized in a 10 mM aqueous solution
for 7 days to its cystine counterpart. Although we have
not followed the auto-oxidation kinetics, these reactions
essentially proceeded to completion, as judged by ESI
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concentration of 0.1 mM in 50% CH3OH/50% H2O
solution containing 0.1 M acetic acid.
Mass Spectrometry Experiments
All experiments were carried out using a modified
commercial ion trap mass spectrometer equipped with
electrospray ionization (ESI) (Finnigan-MAT LCQ Clas-
sic; ThermoElectron Corp., San Jose, CA). The samples
were introduced to the mass spectrometer at a flow rate
of 3 L/min. The sheath air, capillary voltage, and
temperature were adjusted to ca. 30-60, 4.5 to 5.0 kV,
and 180 °C, respectively. The CID experiments were
performed using standard procedures by mass selecting
the desired precursor ion, with an activation window of
2 to 3 m/z, and then subjecting it to CID using normal-
ized collision energy of 12.5 to 18.5% and an activation
Q of 0.25 for a period of 30 ms.
High-Resolution Mass Spectrometry Experiments
All high-resolution mass spectrometry experiments
were conducted using a commercially available hybrid
linear ion trap and Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometer (Finnigan LTQ-
FT; ThermoElectron Corp.), which is equipped with
ESI. The samples were introduced to the mass spec-
trometer via direct injection through electrospray ion-
ization using a flow rate of 3.5 L/min. The sheath air,
capillary voltage, and temperature were adjusted to ca.
2.5 to 25, 4.0 to 4.5 kV, and 275 °C, respectively. The CID
experiments were performed in the linear ion trap by
using standard procedures of mass selecting the desired
precursor ion, with an activation window of 2.5 to 2.9
m/z, and then subjecting it to CID using a corresponding
normalized collision energy of 25 to 34% and an activa-
tion Q of 0.25 for a period of 30 ms. The product ions
were then analyzed in the FT-ICR MS to generate the
high-resolution tandem mass spectrum. The instrument
was externally calibrated using the standard calibration
solution recommended by the manufacturer (a mixture
of caffeine, MRFA, and Ultramark 1621) and standard
procedure before analysis. All product ions of interest
register a relative error in their exact masses of 0.7
ppm when compared with their predicted molecular
formulas.
Calculation of Percentage of Different
Bond Cleavages
We have used the formula shown in eq 1 to calculate
S–S and C–S bond cleavage processes and “other bond
cleavage” processes. The latter processes comprise of
neutral molecule elimination and amide bond cleavage.
X–X bond cleavage corresponds to specific bond cleav-
age process together with any product ions arising from
subsequent fragmentation. We have not used the high-resolution MS data to calculate ion abundance as there
appears to be a time-of-flight effect that results in
discrimination of low mass ions.
% of X – X bond cleavage from MS ⁄ MS experiment
 ( ion abundance for X – X bond cleaveage) ⁄
( all product ion abundance) 100% (1)
Theoretical Calculations
Due to the large size of the system, it was not feasible to
optimize all species on the potential energy surfaces for
the competing fragmentation reactions of protonated
cystine N-methyl amide at the B3LYP/6-31  G(d,p)
level of theory. Thus, a survey of different levels of
theory was carried out on the model systems
[H3NCH(CH2SSX)CONHMe] (X  H and CH3). We
established that single point energy calculations at the
MP2/6-311  G(2d,p) on B3LYP/3-21G(d) optimized
structures with B3LYP/3-21G(d) zero point energy cor-
rections gave similar results to those of the much more
computationally expensive B3LYP/6-31  G(d,p) opti-
mizations and zero point energy corrections. Geometry
optimizations for minima and transition states were
carried out using the Gaussian 03 [24] molecular mod-
eling package to gain further insights into different
mechanisms by calculating the transition-state struc-
tures. Transition-state structures were connected to the
minima using standard intrinsic reaction coordinate
(IRC) calculations. The single point energy of all struc-
tures were further calculated at the MP2/6-311 
G(2d,p) level of theory [25]. All optimized structures
were subjected to vibrational frequency analysis to
confirm that the optimized structures are local/global
minima (no imaginary frequency) or transition state
(one imaginary frequency) and visualized using the
computer package GaussView 3.0 [26].
The supplementary material is available in the elec-
tronic version of this article for:
(1) high-resolution MS/MS spectra of protonated
(CysOH)2, (CysOMe)2, (CysNHMe)2, and (CG)2;
(2) CID MS/MS of some cystine derivatives;
(3) optimized structures for other calculated pathways
to cleave S–S bond (path SSA and SSC) and C–S
bond (path CSA, CSB, CSgB, and CSgC);
(4) complete structural details for each of the B3LYP/
3-21G(d) optimized structures.
Results and Discussion
Fragmentation Studies of Cystine Derivatives,
(X-Cys-Y)2 (X  H, Y  OH, OMe, and NHMe)
and Cystine-Containing Simple Peptides, (CG)2,
(GC)2, (GCG)2, and (GCR)2
The CID spectra of protonated cystine [(CysOH)2],
several derivatives of cystine, and a number of cystine-
1112 LIOE AND O’HAIR J Am Soc Mass Spectrom 2007, 18, 1109–1123containing peptides are shown in Figure 1. In addition,
the CID spectra of several other cystine derivatives and
cystine-containing peptides are shown in the supple-
mentary material. For cystine (Figure 1a), several sim-
ple neutral molecule losses are observed, including
losses of NH3, H2O, [H2O  CO], and NH3  [H2O 
Figure 1. CID MS/MS spectra of cystine an
containing peptides: (a) [M  H] of (CysOH
(CysNHMe)2, (d) [M  D]
 of (D2-CysNDMe)2,
H] of (GCG)2, and (h) [M  H]
 of (GCR)2. F
under H/D exchange conditions, whereby all
leaving only the -hydrogen. The insert shown
bond cleavage.CO]. In addition, product ions at m/z 120 and 122, andm/z 152 and 154 are observed, and these arise from S–S
and C–S bond cleavage, respectively. This was further
confirmed from accurate mass measurements (Figures
S1a–d see supplementary Figures S1a–d), where it
was found that these product ions have molecular
formulas consistent with symmetric S–S and asym-
s simple C-terminal derivatives and cystine-
) [M  H] of (CysOMe)2, (c) [M  H]
 of
 H] (CG)2, (f) [M  H]
 of (GC)2, (g) [M 
2–CysNDMe)2 the experiment was performed
hydrogens were substituted with deuterium,





 in Fmetric C–S bond cleavage processes. The modified
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fragment in a similar fashion with the formation of
product ions due to S–S and C–S bond cleavage being
shifted to higher m/z values attributable to the C-
terminal modification [e.g., for (CysOMe)2 these prod-
uct ions are shifted upfield by 14Da, for (CysNHMe)2
by 13Da, and for (CG)2 by 57Da]. For (CysOMe)2 and
(CysNHMe)2 the formation of the S–S and C–S frag-
ment ions almost dominate the MS/MS spectra.
Isotopic labeling studies of (D2-CysNHMe)2, where
all hydrogen except for -hydrogen has been substi-
tuted with deuterium to form (D2-CysNDMe)2, shows a
small amount of scrambling occurring before fragmen-
tation, as indicated by a series of product ions that form
the triplets (centered at m/z 88, 136, 168, and 194) shown
in Figure 1d. More interestingly, C–S bond cleavage
process undergoes more extensive scrambling to form
the unexpected but dominant product ion at m/z 171.
The insert in Figure 1d shows the expanded region
of the C–S bond cleavage process. Hence, the C–S bond
cleavage reaction appears to involve the -hydrogen.
Figure 1f–h shows the MS/MS spectra of simple
peptides containing cystine, in which the disulfide bond
is not at the N-terminal of the peptide. Unlike the other
cystine derivatives shown in Figure 1a–e where the
disulfide bond is at the N-terminus, the fragmentation
is dominated by neutral molecule losses and amide
bond cleavages. In addition, with the exception of
protonated (GC)2 shown in Figure 1f, S–S and C–S bond
cleavage processes are absent. This fragmentation be-
havior is consistent with the observation that disulfide
bond cleavage in the fragmentation of larger tryptic
peptides containing disulfide bond are rarely observed
[9], suggesting that disulfide bond cleavage processes
have higher relative energy barriers compared with
amide bond cleavages. This example is best illustrated
by the fragmentation of protonated (GCG)2, which
fragments under low-energy CID to mainly eliminate
small molecules and various combinations of glycyl
residue and H2O (Figure 1g). When fragmentation
occurs under nonmobile proton condition, as in the case
of protonated (GCR)2, C–S bond cleavage is readily
observed (m/z 367 and 301) (see Figure 1h). The only
other fragmentation processes observed are H2O loss,
loss of Arg residue, and a very small amount of S–S bond
cleavage. Thus, the absence of a mobile proton appears to
have a profound influence on disulfide bond cleavage.
The fragmentation of all cystine derivatives studied
are summarized in Table 1, showing the percentage of
processes due to S–S bond cleavage, C–S bond cleavage,
and other bond cleavage processes (small neutral loss
and amide bond cleavage). It can be seen from Table 1
that most disulfide bond cleavage reactions (S–S and
C–S bond cleavages) are observed only for the small
cystine derivatives, especially if the disulfide bond is at
the N-terminus. To provide further insights into disul-
fide bond cleavage reactions, and to understand why
disulfide bonds are not easily cleaved for large peptides
with mobile proton(s), we performed theoretical calcu-lations to investigate the different fragmentation path-
ways, and these are described in later sections.
Various Mechanisms for S–S and C–S Bond
Cleavage Reactions
Since our previous studies had demonstrated that
charge directed neighboring group processes are ener-
getically favorable for amino acid and peptide ion
fragmentation [8, 27, 28], we proposed a similar mech-
anism for S–S bond cleavage processes shown in
Scheme 2, i.e., neighboring group attack by N-terminal
amino N (path SSA), C-terminal amide N (path SSB), or
C-terminal carbonyl O (path SSC) to -sulfur of
S-protonated (CysX)2, where X  OH, OMe, NHMe, or
Gly. During the S–S bond cleavage process an ion-
molecule complex [29] is formed during which proton
transfer process can occur to form cyclic product ions
(C), (E), or (F), or protonated cysteine derivative (D),
depending on the proton affinity of the individual
neutral fragment [30]. We should note that these bond
cleavage processes are preceded by an intramolecular
proton transfer from N-terminal amino group to the
disulfide group, which unfortunately could not be
located at the B3LYP/3-21G(d) level of theory. How-
ever, it is expected that the intramolecular proton
transfer process to be lower in energy than bond
cleavage processes. It should be noted that Structure F
is related to one of the neutral structures previously
proposed for S–S bond cleavage products [19].
For C–S bond cleavage, we proposed three compet-
ing mechanisms: (1) charge directed neighboring group
processes summarized in Scheme 3, (2) fragmentation
involving the formation of salt bridge intermediate
shown in Scheme 4, and (3) charge directed Grob-type
fragmentation [31, 32] summarized in Scheme 5. For
charge directed neighboring group mechanisms shown
in Scheme 3, C–S bond cleavage is effected by nucleo-
Table 1. Percentage of bond cleavage in the CID fragmentation












(Cys)2 1.8 58.8 39.4
(CysOMe)2 0.5 90.4 9.0
(CysNHMe)2 46.9 49.4 3.7
(NMeCysOH)2 0.0 100 0.0
(AcCysOH)2 0.0 0.0 100.0
(AcCysOMe)2 1.1 0.0 98.9
(AcCysNHMe)2 0.0 0.0 100.0
(AcCG)2 0.0 0.0 100.0
(CG)2 8.0 67.7 24.3
(GC)2 17.2 14.6 68.2
(GCG)2 0.0 0.0 100.0
(GGC)2 0.0 0.0 100.0
GSSG 0.0 0.0 100.0
(GCR)2 0.9 46.5 52.6philic attack by either the: N-terminal amino N (path
2. S
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(path CSB); or C-terminal carbonyl O (path CSC) to
-carbon of S-protonated cystine derivative. These re-
actions form cyclic product ions (G), (I), or (J), or
protonated S-thio-cysteine derivative (H).
To explain the scrambling observed in C–S bond cleav-
age in deuterated (D2-CysNDMe)2 (Figure 1d), we pro-
posed a mechanism to cleave the C–S bond, which in-
volves the -hydrogen before fragmentation (Scheme 4).
In this mechanism, C–S bond cleavage is instigated by
abstraction of the -hydrogen by the basic N-terminal
amino group from the opposite backbone, which forms
a salt bridge ion-molecule complex. Intramolecular pro-
ton transfer within the ion-molecule complex would
then yield either protonated dehydroalanine derivative
(Structure K) or protonated S-thio-cysteine derivative
(H). For this mechanism, the charge is located at
the N-terminal amino group and is not involved in the
bond cleavage reaction. Abstraction of the -hydrogen
by the C-terminal carbonyl O was not considered due
to lower basicity of the carbonyl group compared
with amino functional group [PA(methyl amine) 
214.9 kcal mol1 versus PA(methyl acetamide)  212.4
Schemekcal mol1] [33]. This mechanism is in fact a variant ofpath B of Scheme 1, but with a stronger base and less
steric constraint (4-membered ring versus 8-membered
ring transition state).
The C–S bond cleavage mechanism shown in Scheme
5 is similar to condensed phase Grob fragmentation
[31, 32], where the nucleophile is the N-terminal amino
N (path CSgA), C-terminal amide N (path CSgB), or
C-terminal carbonyl O (path CSgC), to form cyclic
disulfide product ions (L), (M), or (N), respectively. A
combination of two neutrals, (an acrylic acid derivative
and NH3) are eliminated during this fragmentation
process. In the next sections we model the various
competing S–S and C–S bond cleavage processes using
theoretical calculations; these competing mechanisms
were then compared with each other and with amide
bond cleavage processes.
Computational Studies on Disulfide Bond
Cleavage Reactions
We have modeled the S–S and C–S bond cleavage
–S (NG).reactions using (CysNHMe)2 at the B3LYP/3-21G(d)
. C
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calculated at the MP2/6-311  G(2d,p)//B3LYP/3-
21G(d) level of theory.
S–S Bond Cleavage Reaction by Neighboring
Group Processes
Figure 2 shows the optimized structures for the most
energetically preferable pathway for breaking S–S bond
(path SSB in Scheme 2) at the B3LYP/3-21G(d) level of
theory, including the relative energies (relative to the
global minimum Structure A), which were calculated at
the MP2/6-311  G(2d,p)//B3LYP/3-21G(d) level of
theory. In this pathway, S–S bond cleavage is effected
by nucleophilic attack by C-terminal amide N to form
either a protonated sulfenyl amide (Structure E) or
protonated cysteine N-methyl amide (Structure D). This
pathway has a calculated transition-state energy of
40.3 kcal mol1 (TS-SSB in Figure 2). However, the
endothermicity (ER) of the reaction to form protonated
sulfenyl amide (E) and neutral cysteine-N-methyl
amide CysNHMe was predicted to be slightly higher at
44.7 kcal mol1. On the other hand, the energy of
reaction (ER) is lower at 37.5 kcal mol
1 if proton
Scheme 3transfer occurred within the ion-molecule complex [29]to form protonated CysNHMe (Structure D) and neu-
tral sulfenyl amide. Interestingly, related sulfenyl
amide structures have previously been proposed as
intermediates in the regulation of cysteine dependent
enzyme, the protein tyrosine phosphatase 1B [34, 35]. It
should be noted that sulfenyl amide (E) is protonated at
the N-terminal amino group, which cannot be formed
by simple separation of ion-molecule complex after
transition-state TS-SSB (Figure 2). Instead, it is formed
by a second subsequent intramolecular proton transfer
process from protonated CysNHMe. This process is
related to the proton transport catalyzed isomerization
reactions described by Bohme [36]. The endothermicity
for formation of protonated sulfenyl amide by simple
bond lengthening from the ion-molecule complex was
calculated to be very high at 63.3 kcal mol-1 (data not
shown).
Structures E and D are possible product ion struc-
tures for m/z 133 and 135 observed in the MS/MS of
protonated (CysNHMe)2, respectively (Figure 1c). Since
the endothermicities for the formation of both product
ions are close to the transition-state energy, the forma-
tion of both product ions is accessible with equal
probability during CID of protonated (CysNHMe)2. The
–S (NG).optimized structures for species related in other path-
C–S (
1116 LIOE AND O’HAIR J Am Soc Mass Spectrom 2007, 18, 1109–1123ways (paths SSA and SSC) are shown in Figures S3 and
S4 supplementary Figures S3 and S4, respectively.
C–S Bond Cleavage Reaction by Neighboring
Group Processes
Figure 3 shows the optimized structures and their relative
energies (relative to the global minimum Structure A) for
the lowest energy pathway to breaking the C–S bond via
charge directed neighboring group mechanism (path CSC
Scheme 4.Scheme 5. C–shown in Scheme 3). In path CSC, C–S bond cleavage is
effected by nucleophilic attack of -carbon by C-terminal
carbonyl O to form a 4-membered cyclic product ion
(Structure J), with a predicted transition-state barrier of
55.9 kcal mol1. It is interesting to note that this mecha-
nism does not involve S-protonated (CysNHMe)2 struc-
ture. Instead, transition-state TS-CSC is a concerted
transition state for intramolecular proton transfer
from C-terminal carbonyl O to disulfide group and
nucleophilic attack to form the 4-membered product
salt bridge).S (Grob).
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ion Structure J, this pathway has a very high endo-
thermicity (ER) of 63.1 kcal mol
1. The product of
intramolecular proton transfer to form protonated
thiocysteine N-methyl amide (Structure H) also has a
high endothermicity (ER) of 64.0 kcal mol
1. Due
to the high-energy barrier for this process, this mech-
anism is expected to be insignificant in C–S bond
cleavage. The optimized structures and relative ener-
gies of the other higher energy pathways CSA and
CSB are shown in Figures S5 and S6 supplementary
Figures S5 and S6, respectively.
C–S Bond Cleavage Reaction
by Salt Bridge Mechanism
The salt bridge mechanism to cleave C–S bond is similar
Figure 2. MP2/6-311  G(2d,p)//B3LYP/3-2
showing the reaction coordinate for the lowest en
group attack by C-terminal amide N (pathway S
are relative to global minimum A. All other pathw
in Figures S2 and S3 supplementary Figures S2to the cis- elimination shown in path B of Scheme 1, butwith a stronger base and larger transition-state ring
size. In this mechanism (CSsb shown in Scheme 4) bond
cleavage is induced by abstraction of -hydrogen,
which weakens the C–S bond and forms a salt bridge
intermediate. Additionally, the charge is remote from
the reaction centre (N-protonated) and is not involved
in the salt bridge mechanism.
Figure 4 shows the optimized structures for all
species involved in this salt bridge mechanism. This
pathway has a transition-state energy of 35.5 kcal
mol1, and the energy of the reaction (ER) is 44.2
kcal mol1, forming protonated dehydroalanine N-
methyl amide (Structure K) and neutral thiocysteine
N-methyl amide. However, intramolecular proton
transfer within the ion-molecule complex can form
protonated thiocysteine N-methyl amide (Structure H)
and neutral dehydroalanine N-methyl amide with a
) optimized structures and relative energies
pathway for S–S bond cleavage via neighboring
hown in Scheme 2). All reported energy values





andlower endothermicity (ER) at34.4 kcal mol
1. Due to
res S
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H, the salt bridge mechanism is expected to only form
m/z 167 product ion under low-energy CID MS/MS of
(CysNHMe)2 (Figure 1c). Furthermore, since the
-hydrogen has been transferred to the N-thiocysteine
methyl amide fragment, this mechanism is consistent
with the extensive scrambling observed before forma-
tion of thiocysteine N-methyl amide from fragmenta-
tion of isotopically labeled (D2-CysNDMe)2 (see Figure
1d) and an earlier section for more details about the
scrambling of -hydrogen).
Additionally, since the salt bridge mechanism has a
much lower energy barrier (35.0 kcal mol1) com-
pared with the neighboring group mechanism, it is
expected to be the dominant fragmentation mechanism
to explain the C–S bond cleavage forming the product
ion at m/z 167. Furthermore, this mechanism is trig-
gered by the abstraction of -hydrogen by the basic
Figure 3. MP2/6-311  G(2d,p)//B3LYP/3-2
showing the reaction coordinate for the lowest en
group attack by C-terminal carbonyl O (pathway
are relative to global minimum A. All other pa
shown in Figures S4 and S5 supplementary FiguN-terminal amino group. Thus, increasing the basicityof the N-terminal amino group is expected to decrease
the energy barrier for this energetically preferable pro-
cess. As shown in the fragmentation of protonated
(NMeCysOH)2, exclusive cleavage of the C–S bond is
observed to form thiocysteine product ion (see supple-
mentary Figure S2b for the CID MS/MS data of proton-
ated (NMeCysOH)2). Thus, this shows that fragmenta-
tion can be readily manipulated by chemical
derivatization.
C–S bond cleavage can also be enhanced by restricting
the mobility of the ionizing proton, as clearly demon-
strated in the fragmentation of protonated (GCR)2 (Figure
1h). Abundant C–S bond cleavage to form the protonated
thiocysteine derivative (m/z 367) and the dehydroalanine
derivative (m/z 301) is observed in the MS/MS spectrum.
Since one of the Arg residues in (GCG)2 is expected to
sequester the ionizing proton, fragmentation occurs under
nonmobile proton conditions. In addition, the other Arg
) optimized structures and relative energies
pathway for C–S bond cleavage via neighboring
shown in Scheme 3. All reported energy values




thwaresidue is more basic than the N-terminal amino group
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tion of the -hydrogen.
C–S Bond Cleavage Reaction by Grob
Fragmentation Mechanism
Figure 5 shows the optimized structure for all species
involved in the lowest energy pathway for Grob frag-
mentation mechanism for C–S bond cleavage. This
lowest energy pathway proceeds via nucleophilic attack
by N-terminal amino N to disulfide group to form
dithiazolidine product ion (Structure L) and eliminating
methylacrylamide and NH3. The transition-state energy
for this process was predicted to be 56.1 kcal mol1,
and the endothermicity of the reaction (ER) was pre-
dicted to be 57.9 kcal mol1, clearly higher than the
energy barrier for S–S bond cleavage via neighboring
group mechanism (40.3 kcal mol1 for path SSB) and
Figure 4. MP2/6-311  G(2d,p)//B3LYP/3-2
showing the reaction coordinate for the lowest e
mechanism (pathway CSsb shown in Scheme 4
minimum A.C–S bond cleavage via salt bridge mechanism (35.0kcal mol1). Since product ion Structure L is a possible
candidate for a product ion structure for m/z 165 in the
MS/MS of protonated (CysNHMe)2 (see Figure 1c), the
higher energy barrier for the Grob-type fragmentation
mechanism is consistent with the small abundance of
this product ion. The optimized structures and relative
energies of the other higher energy pathways CSgB and
CSgC are shown in Figures S7 and S8 supplementary
Figures S7 and S8, respectively.
Summary of the Lowest Energy Pathways for S–S
and C–S Bond Cleavage
All the transition-state energies for various compet-
ing S–S and C–S bond cleavage reactions, including
the fragmentation pathways shown in the supple-
mentary materials, are summarized in Table 2. The
energies of reaction (ER) for each pathway are also
) optimized structures and relative energies
pathway for C–S bond cleavage via salt bridge
l reported energy values are relative to global1G(d
nergy
). Alincluded in Table 2. As can be seen from Table 2,
C) ar
1120 LIOE AND O’HAIR J Am Soc Mass Spectrom 2007, 18, 1109–1123some pathways have a higher endothermicity than
the transition state, while additional proton transfer
step within ion-molecule complexes lowers the endo-
Figure 5. MP2/6-311  G(2d,p)//B3LYP/3-2
showing the reaction coordinate for the lowest e
fragmentation whereby the N-terminal amino
CSgA shown in Scheme 5. All reported energy
pathways in Scheme 5 (pathways CSgB and CSg
Table 2. Calculated transition energy barrier (E‡) and the relat
competing bond cleavage processes in model system protonated
Types of bond cleavage processes
(1) S–S bond cleavage (NG mechanism)b 38
(2) C–S bond cleavage (NG mechanism)c 76
(3) C–S bond cleavage (salt-bridge mechanism)d 35
(4) C–S bond cleavage (Grob fragmentation)e 56
(5) Amide bond cleavage
aThe underlined numbers signify the pathway with the lowest energy
bS–S bond cleavage via neighboring group process with various nucle
cC–S bond cleavage via neighboring group process with various nucle
dC–S bond cleavage via salt-bridge mechanism (see Scheme 4).
eC–S bond cleavage via Grob fragmentation using with nucleophiles (see S
fRange of typical values cited in reference [33].thermicity considerably for other pathways. We also
have underlined the lowest energy pathway for each
mechanism (S–S or C–S bond cleavage) to indicate the
) optimized structures and relative energies
pathway for C–S bond cleavage via Grob-type
ts as the intramolecular nucleophile (pathway
es are relative to global minimum A. All other
e shown in supplementary Figures S6 and S7.
nergy of the separated products (ER) in parentheses for the
NHMe)2
E‡, kcal mol1 (ER, kcal mol
1)a
ino-N Amide-N Carbonyl-O
.5, 58.4) 40.3 (44.7, 37.5) 32.2 (54.0, 60.6)
.8, 49.9) 70.6 (64.7, 43.8) 55.9 (63.1, 64.0)
.4, 44.2) — —
.9) 70.8 (74.7) 60.2 (66.4)
25–40f
ch mechanism.
es (see Scheme 2).
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fragmentation mechanism. These results are also
summarized in Figure 6, which shows the lowest
energy potential energy surfaces from each fragmen-
tation mechanism (both S–S and C–S bond cleavage).
It should be noted that some transition states for
bond rotations and intramolecular proton transfer
processes were not calculated, and are thus repre-
sented by dotted lines.
For all the mechanisms considered, path CSsb to
cleave the C–S bond is the lowest energy process and
is expected to dominate the fragmentation pathway.
This is consistent with the CID spectrum of
(CysNHMe)2, which shows the formation of thiocys-
teine N-methyl amide at m/z 167 to be the most
dominant product ion. S–S bond cleavage process by
neighboring group (path SSB) is also expected to be a
dominant process due to its rather low-energy bar-
rier. This is also highlighted in the abundant forma-
tion of protonated sulfenyl amide (m/z 133) and
protonated CysNHMe (m/z 135) in the MS/MS spec-
trum of (CysNHMe)2 (Figure 1c). The Grob-like
fragmentation mechanism (path CSgA) is expected to
form a small abundance of dithiazolidine product
ion due to the reasonably high-energy barrier for
this process. Finally, the neighboring group pro-
cess to cleave C–S bond (path CSC) is expected not
to operate due to the high-energy barrier of the
Figure 6. The MP2/6-311  G(2d,p)//B3LYP/
for competing fragmentation pathways of proto
lowest energy pathways for each fragmentat
optimized structures are shown in Figures 3–6
Structure A. Path SSB to cleave S–S bond via neig
PES, path CSC to cleave C–S bond via neighbor
CSsb to cleave C–S bond via salt bridge mechanis
C–S bond via Grob-type fragmentation mechan
transition states (that were not located) interconprocess.When Will Disulfide Bond Cleavage Occur?
From Table 2 and Figure 6, clearly there are various
competing pathways for S–S and C–S bond cleavage
processes, which can complicate the fragmentation be-
havior of protonated peptide containing disulfide
bonds. However, these competing processes are in fact
much higher in energy than typical amide bond cleav-
ages. For example, in Figure 6 the typical energetic
requirement to cleave amide bonds or eliminate neutral
molecules [37] were included as a band of energy
between 25 to 40 kcal mol1. As can be seen in Figure 6,
most disulfide bond cleavage processes (S–S and C–S
bond cleavage) lie outside the band of energy required to
cleave an amide bond in a peptide, with the exception of
the salt bridge mechanism to cleave the C–S bond. This is
further illustrated in the CID MS/MS fragmentation of the
heterodimer of AcCysNHMe-CysNHMe, linked by a di-
sulfide bond (see supplementary Figure S2c). In this
system, various fragmentation processes can occur under
CID, including amide, S–S, and C–S bond cleavages.
However fragmentation is dominated by amide bond
cleavage via elimination of CH3NH2, and no disulfide
bond cleavage is observed (see supplementary Figure
S2c).
How then, can disulfide bond cleavage reactions be
promoted in larger peptides? Clearly for this to happen,
access to an enolate anion is desirable. This can be
G(d) calculated potential energy surfaces (PES)
d (CysNHMe)2. This PES summarizes only the
echanisms shown in Schemes 2–5, and the
l energies are relative to the global minimum
ing group mechanism is represented by the blue
roup mechanism is shown in the red PES, path
hown in the green PES, and path CSgA to cleave








ismachieved in two ways: (1) via negative ion CID experi-
1122 LIOE AND O’HAIR J Am Soc Mass Spectrom 2007, 18, 1109–1123ment [38, 39], as recently demonstrated in a joint
experimental and theoretical study by Bowie and co-
workers [40, 41]; and (2) in protonated peptides that
have nonmobile protons, thereby promoting the salt
bridge mechanism (c.f. Scheme 4). Interestingly, this last
factor might explain the prevalence of disulfide bond
cleavage in MALDI experiment [15].
Conclusions
Cystine and its C-terminal derivatives and simple
peptides containing intermolecular disulfide bonds
fragment via a variety of pathways, including losses
of neutral molecules, amide bond cleavage, and S–S
and C–S bond cleavages. Various mechanisms were
considered to explain S–S and C–S bond cleavage
processes, including charge directed neighboring
group processes and nonmobile proton fragmenta-
tion processes. Using theoretical calculations per-
formed on protonated (CysNHMe)2 (at the MP2/6-
311  G(2d,p)//B3LYP/3-21G(d) level of theory)
three low-energy fragmentation pathways were iden-
tified, which should be energetically accessible dur-
ing low-energy CID MS/MS experiments: (1) S–S
bond cleavage dominated by a neighboring group
process involving C-terminal amide N to form either
protonated CysNHMe (m/z 135) or protonated sulfe-
nyl amide product ion (m/z 133) (path SSB of Scheme
2); (2) C–S bond cleavage process is dominated via a
salt bridge mechanism, involving the -hydrogen to
form protonated thiocysteine N-methyl amide (m/z
167) (Scheme 4); and [3] C–S bond cleavage process is
also dominated by the Grob-like fragmentation where
the nucleophile is the N-terminal amino group to
form dithiazolidine product ion (m/z 165) (path CSgA
of Scheme 5). Interestingly C–S bond cleavage by
neighboring group processes (Scheme 3) have high-
energy barriers and are expected to be inaccessible
energetically during CID MS/MS experiment. In
comparison to simple amide bond cleavage, these
processes are higher in energy, explaining why disul-
fide bond cleavage processes are rarely observed for
low-energy CID fragmentation of peptide ions con-
taining disulfide bonds which have mobile proton(s).
This study highlights the complexity of fragmenta-
tion reactions for even such a small system as the
cystine derivative, (CysNHMe)2. In fact, the disulfide
bond brings a range of potentially reactive functional
groups (nucleophile and electrophile) into close prox-
imity, allowing different reactions to compete. The
presence of an intermolecular disulfide bond also al-
lows other fragmentation pathways such as the salt
bridge mechanism to occur, which are uncommon in
amino acids and simple di- or tripeptides [42]. In this
work, product ion stabilities were shown to be an
important factor in determining the lowest energy frag-
mentation pathway. Finally, this study further high-
lights the importance of the role of mobile proton in
dictating the types of fragmentation reactions observedunder low-energy CID. Disulfide bond cleavage reac-
tions in protonated peptides join the pantheon of non-
mobile proton reactions, which include C-terminal as-
partic acid (and to a lesser extent glutamic acid
cleavage) [43, 44] and CH3SOH loss from methionine
sulfoxide-containing peptides [6, 7].
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